Abstract Understanding the source mechanism of earthquakes may be the key to predict earthquakes. The testing of radioactive radiations and reactionary hypothesis of gases before and after quake events can help predict and monitor earthquake occurrence. In this study, the Atmospheric Infrared Sounder (AIRS) and the column ozone (O 3 ) were applied to evaluate the December 26, 2003 earthquake of Bam city in western Iran. The results show that ozone concentration (column density) decreased about 30 DU and or 807× 10E15/cm 2 molecules. Using high-resolution AIRS data for the study area, we were able to discriminate gases that formed and changed before the main shock at least a day before the occurrence of the quake in Bam.
Introduction
Space technology has increasingly become an important and valuable tool for earthquake precursor studies and postearthquake damage assessment (Adams et al. 2004) . Instruments such as the Atmospheric Infrared Sounder (AIRS) on board Aqua Satellite have a wide range of uses, one of which is usable for earthquake precursor studies. Its high spectral resolution spectrometer can detect environmental parameters like atmospheric compounds. With 2,378 bands in the thermal infrared (3.7-15.4 μm) and four bands in the visible (0.4-1.0 μm), AIRS has spectral resolution more than 100 times, which is greater than the previous IR sounder (NASA 2012) . Analysis of anomalous environmental parameters and precursors such as ozone (O 3 ) that appear before the main shock of an earthquake can be used to monitor earthquake occurrence. The total column of ozone is the amount of ozone in a column of air above the earth from the surface to the top of the atmosphere (NASA 2012) . About 90 % of molecules of ozone are concentrated in the stratosphere layer between the altitudes of 10 and 50 km (Pulinets and Ouzounov 2011) . Generally speaking, "an average ozone levels 300 DU, which would be equivalent to a layer of 3 mm thick if it is compressed to the planet's surface" (NASA 2012) . The ozone molecules in this atmospheric layer observe wavelength of the ultraviolet radiation (Hosseinian and Gough 2000) . Life on the earth depends on the concentration of molecules of ozone in the troposphere layer. In the troposphere layer, ozone is affected by radon ( −222 Rn) and is librated before the main shock of an earth-concentration of other atmospheric gases such as CO 2 , CH 4 , and N 2 O (Zahorowki et al. 2004) . The column of O 3 can be evaluated as precursors in an earthquake study. In other words, these elements reflex the effect and intensity of inner forces in the forms of both radioactive gases and the direction of huge heat on the earth during tectonic hazards like earthquakes. These time series data show that, during geodynamical activities, the column density of ozone decreases about 5-10 % (Randel et al. 1995) . AIRS is able to measure ozone quantitatively twice daily in a global observation between 9.55 and 10.26 μm in 166 channels with a spatial resolution of 1.0×1.0°. The AIRS spectrum consists of 2,378 channels spanning 3.7-15.4 μm with a spectral resolution of Δl/l=1/1,200, where Δl is the smallest difference in wavelengths that can be distinguished at a wavelength of l.
where f is the frequency in Hertz (Hz=1/s), l is the wavelength in meters, c is the speed of light (299,792,458 m/s); E is the energy in electron volts, and h is Plank's constant (6.626068×10-34 m 2 kg/s) Table 1 shows the daily observation of the column of O 3 from the processed AIRS infrared sounder channels that were used in studying the variation of the column ozone gas in the column of air above the surface of the earth before and after the Bam earthquake. Potentiality, the AIRS instrument has the ability to detect ozone in different channels and can support an earthquake precursor study.
Characteristics of Bam city and the earthquake
Bam is an ancient city in the southwestern part of Iran, located at latitude 29.004°N and longitude 58.337°E (Fig. 1) . Bam was rocked by a massive earthquake on 26 December 2003 measuring 6.6 Mw at 5:26:56AM local time (01:56:56 GMT). Due to the ancient characteristic of the city, it was deformed tectonically and fractured by movements of the Lut plate on which it sat. According to Berberian and Yeats (1999) , the Iranian plateau was formed 35 Mya by opposite forces of the Arabian plate and the Eurasian plate in the southwest and northeast directions, respectively. The Lut sub-plate is one of the stable sub-plates in Iran, and before the earthquake, 
Earthquake and gas emission
The chemical reaction of uranium sources with dilute sulfuric acid (H 2 SO 4 ) at or near the center of the earth generates huge amounts of energy, pressure, and gases (Hollenbach and Herndon 2001; Herndon 2011; Omori et al. 2007; Ghosh et al. 2007; Umeda and Ninomiya 2009) . The fluxes of hot permanent matters and huge energy (heat) and pressure under the earth's crusts possibly caused the plate tectonic movements and cracks (Khilyuk 2000) . In addition, during this natural nuclear fission in the interior of the earth, gases and radiations (alpha, beta, and gamma) are emitted and released under the earth's crust and fluxed upward (Kocher 1982; Fig. 2 ). The consequent radioactivity and particles generate alpha (α), beta (β), and gamma (γ) radiation liberated during earthquakes. Radioactive gases migrate with other permanent gases such as CH 4 , CO, CO 2 , SO 2 , etc., and precede the occurrence of a main earthquake shock (Khilyuk 2000; Sankaran 2002 ). Radon ( −222 Rn) is a radioactive gas with an alpha particle. Radon is an unstable radioactive element with atomic mass number 222 and a half-life of 3.8325 days. Alpha particle is an energy that can migrate up to 30 cm above the earth's surface (Fontan et al. 1966) . The alpha particle attacks or breaks down other gases by ionizing radiation energy (Freund et al. 2009 ). An alpha particle moves about 1/500,000 km/S with a range in energy from 4 to 9 MeV (Valkovic 2000) . The energy of the alpha particle of −222 Rn is about 5.49 MeV. During an earthquake's activity, molecules of O 3 in the atmosphere are attacked and ionized and deformed to new forms by the energy of alpha (Harteck et al. 1965; Okada et al. 2004 ). Pulinets and Ouzounov (2011) asserted that "Radon action on atmospheric gases is similar to the cosmic rays effects in upper layers of atmosphere." This ionization process is represented in a mathematical sequence (Eq. 3 and Fig. 3 ). In other words, when molecules of O 3 are charged by the energy of alpha particles, they lose one electro, as given in Eq. 3. Fig. 4 Flowchart of the methodology adopted in this study Arab J Geosci (2014 ) 7:1517 -1527 where α is the alpha energy and particle, O 3 and O 2 are molecules of ozone and oxygen, respectively, and e − is an electron. O +⋅ is an unstable radical atom of oxygen that lost an electron.
Methodology
Remotely sensed latitude-longitude map and time-averaged global 1.0×1.0°daily level 3 product of ozone captured by a space-borne sensor (AIRS) were analyzed to determine the distribution of O 3 for the days preceding and after the Bam earthquake. These spatial datasets included column density ozone (in Dobson unit) for the period 24-27 December 2003. The mean of the molecules of O 3 has been spatially estimated using a geostatistical method in geographic information system (GIS 9.3). In addition, the profile of the column ozone (O 3 ) was in accordance with the plate tectonic forces for the study area (Figs. 5, 6, 7, 8, 9, 10, 11, and 12) .
The flowchart (Fig. 4) summarizes the methodology used in this study. We used image processing models for the interpretation of data in the study area (Table 2) .
Results and discussion

The column of ozone
The results showed anomalous changes of the column density of O 3 from 6 days before and a day after the main shock about 30 DU (Fig. 13) . In other words, about 807× 10E15 of alpha particles and atoms of radioactive particles like −222 Radon alpha particles have played a role in the ionizing process of the molecules of ozone in the atmosphere (Table 2) . One day after Bam's earthquake main shock, the column of ozone increased about 24.372 DU. Changes of the column density of the ozone mainly showed a direction of huge tectonic pressure which caused the earthquake in Bam (Figs. 5, 6, 7, 8, 9, 10, 11, 12, and 13) .
Profile of the column of ozone
Tectonically, we sketched the profile of the column of ozone based on the tectonic forces. These profiles show the effects of two opposing directions of tectonic forces on the study area: the Eurasian plate in the northeast with more concentration of ozone and less in the Arabian plate in the southwest direction (Fig. 10) . In other words, these profiles illustrate the place of tectonic activity where radioactive gases like
Radon are emitted and the concentration of ozone decreases (Table 3) .
These directional changes of the ozone column density in tectonic Bam area address both the earthquake's activity and radioactive gas emission like −222 Radon before the main shock and its realm. The column of ozone in Bam's area changed during the earthquake's activity (Fig. 11) . The concentration of ozone 2 days before the Bam's earthquake main shock increased about 261.21 DU, while in 26 December 2003 it decreased to 231.882 DU (Fig. 11) . These findings are in the agreement with the studies of Randel et al. (1995) , i.e., they analyzed the changes of the column density of ozone for the period 1991-1994 in the troposphere. It is reacted by relating to global tectonic activities (Figs. 14 and 15).
Concluding remarks
Ozone (O 3 ) is an extremely unstable gas in the atmosphere, especially in the troposphere (Gerasopoulos et al. 2005) , and is being reacted and ionized by radioactive particles of −222 Radon, which results in varying anomalies in the atmosphere during an earthquake's activity. Earthquake precursor studies by space technology emphasize on gases like the column ozone. This provides an understanding on the source mechanism of earthquakes to an extent. This study has established the correlation of the column ozone gas and the variation of its presence in the days preceding and after the Bam earthquake. Using this information, it may be possible to monitor and predict the occurrence of an earthquake to check the tectonic hazards. It is also possible to identify the risk areas associated with an earthquake. The interpolation of spatial data on tectonic zones daily and globally can also recognize the direction of an inner huge energy before main earthquake shocks. 
